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20.  Abstract 

The  results  are  described  from  two  aspects  of  the  programme,  -fif  A  Coordinated 
Selected  Ion  Flow  Tube  (SIFT)  and  Flowing  Afterglow/Langmuir  Probe  (FALP) 
study  of  switching  and  ion-ion  neut ralization  reactions  of  several  stratospheric 
ions.  It  is  shown  that  CHoCN  is  a  viable  candidate  for  molecule  X  in  the 

°  a.  i  p-  '  •  ■  i 

recently  observed  stratospheric  ions  H^(I1 20)n  anc*  ibeir  neutralization 
rate  coefficients  are  similar  to  those  for  mesospheric  cluster  ions. 

A  study  of  the  collision  enhancement  in  helium  of  two  ion-ion  neutralization 
rate  coefficients,  *n  the  Pressure  range  0.  5  to  8  Torr.  ^a^j^is  seen 

to  increase  more  rapidly  with  pressure  than  expected  from  previous)  high 
pressure  data.  Estimates  are  made  of  the  appropriate  values  for, in  the 
stratosphere. 
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PREFACE 


This  work  is  part  of  a  larger  programme  of  ionic  reaction  studies 
at  thermal  energies,  conducted  by  the  authors  of  this  report,  which 
includes  determinations  of  ion-molecule  reaction  rate  coefficients  and 
product  ion  distributions,  electron -ion  recombination  coefficients  and 
electron  attachment  coefficients.  The  work  is  largely  intended  as  a 
contribution  to  the  physics  and  chemistry  of  natural  plasmas  such  as 
the  Earth's  atmosphere  and  the  interstellar  medium.  A  great  deal  of 
relevant  data  has  been  obtained  principally  because  of  our  successful 
development  and  exploitation  of  the  Langmuir  Probe/Flowing  Afterglow 
(FALP)  and  Selected  Ion  Flow  Tube  (SIFT)  techniques.  Parts  of  the 
overall  programme  are  supported  by  the  Science  Research  Council. 
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INTRODUCTION 


During  the  last  few  years,  we  have  developed  two  major  experiments 
designed  to  study  ionic  reactions  at  low  temperatures  which  occur  in 
natural  plasmas  such  as  the  Earth's  ionosphere  and  interstellar  gas  clouds. 
These  experiments  are  (i)  The  Selected  Ion  Flow  Tube  (SIFT)  which  we 
have  used  to  study  a  large  number  of  ion -molecule  reactions  over  a 
temperature  range  of  80  K  -  550  K.  (ii)  The  Flowing  Afterglow/Langmuir 
Probe  (FALP)  which  we  have  used  to  study  several  plasma  interaction 
processes,  the  major  effort  being  directed  towards  ion-ion  neutralization 
reactions,  the  f  .bject  area  for  which  we  are  currently  funded  by  AFOSR 
and  with  which  this  report  is  concerned. 

Our  approach  to  the  study  of  ion-ion  mutual  neutralization  (ionic 
recombination)  was  first  to  measure  the  binary  recombination  coefficients, 
of  the  'simple*  ions  which  are  known  to  exist  in  the  upper  atmosphere 
(e.  g.  NO+  +  NO  ",  O0+  +  CO."  etc.  )  and  then  to  follow  these  studies  by 
measuring  for  several  reactions  involving  'cluster*  ions  (e.  g. 

H30+(H20)3  +  N03".  HNO,3  etc)  which  are  known  to  be  the  dominant  ion 
types  in  the  lower  mesosphere.  We  were  also  able  to  study  the  temperature 
dependence  of  o2  for  two  reactions  which  indicated  a  dependence  in 
accordance  with  theoretical  predictions.  As  a  result  of  this  work  we  have 
been  able  to  suggest  the  appropriate  values  of  to  be  used  in  mesospheric 
de-ionization  rate  calculations.  Details  of  the  technique  and  the  results  of 
these  studies  have  been  given  in  previous  reports  and  are  reported  in 
several  scientific  papers,  the  references  to  which  are  given  in  the  scientific 
papers  1  and  2  which  are  included  as  the  major  part  of  this  report. 

The  work  with  which  this  report  is  concerned  represents  an  extension 
of  the  research  programme  outlined  above  and  relates  to  two  aspects  of 
stratospheric  ion  chemistry. 
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(i)  Switching  Reactions  and  Mutual  Neutralization  Rates  of 

Stratospheric  Ions. 

Details  of  this  part  of  the  programme  are  given  in  Paper  1  (Planetary 
and  Space  Science,  In  Press)  together  with  all  relevant  references  and  so 
only  a  brief  review  will  be  given  here. 

During  the  last  year  balloon-borne  mass  spectrometers  have  been 
flown  by  other  groups  to  determine  the  positive  and  negative  ions  present 
in  the  stratosphere.  Not  surprisingly,  all  are  clustered  species,  the 
negative  ions  being  of  the  kind  NO^  (HNOg)n,  HSC>4  (HNOg)n,  HSO^ 
and  HSO^  (HgSO^  )n(HNOg)m  and  the  positive  ions  being  of  the  type 
and  H^F^O)  where  X  =  41  amu.  A  possible  candidate  for  X  is  CH3CN 

although  this  is  by  no  means  certain.  Thus  we  have  used  our  SIFT  apparatus 
to  study  the  reactions  of  CH^CN  with  the  well  established  stratospheric 
species  II^HgO^  in  order  to  test  the  hypothesis  that  Cll^CN  will  replace 
H^O  in  the  H^HgO)  ions  and  so  generate  the  ion  series  H  +  (H90)  PHgCN)m 
This  does  indeed  occur  (see  below  and  Paper  1)  and  following  this  we  then 
proceeded  to  use  the  FALP  apparatus  to  determine  a ^  for  several  reactions 
of  the  stratospheric  positive  and  negative  ions. 

(ii)  Laboratory  Studies  of  Collision-Enhanced  Ionic  Recombination: 

Stratospheric  Implications. 

Details  of  this  part  of  the  programme  are  given  in  Paper  2  together 
with  all  relevant  references.  Paper  2  has  been  submitted  for  publication 
in  Planetary  and  Space  Science.  Collision  enhanced  ionic  recombination 
becomes  increasingly  important  in  ion-ion  plasmas  as  the  ambient  gas 
pressure  is  increased  and  will  eventually  dominate  the  binary  process 
referred  to  above.  Studies  of  ternary  ionic  recombination  have  been 
carried  out  previously  at  pressures  above  about  20  Tore  and  up  to  pressures 
in  excess  of  one  atmosphere.  No  experiments  have  been  carried  out  at 
the  relatively  low  pressures  appropriate  to  the  middle  stratosphere  (1  -  10 
Tori-)  which  represents  the  transition  region  between  low  pressure  pure 
binary  ionic  recombination  (appropriate  to  the  mesosphere)  and  high 
pressure  ternary  ionic  recombination.  With  our  existing  FALP  technique 


we  are  able  tc  study  ionic  recombination  up  to  a  pressure  of  some  8  Torr 
in  helium  and  so  far  we  have  exploited  the  technique  to  study  the  two 
reactions: 

NO+  +  NOg  +  He  - ^  products 

?>F0  +  SF.  +  He  - ^  products 

•i  5 

We  have  used  the  data  obtained  to  estimate  the  rate  coefficients  for  collision 
enhanced  ionic  recombination,  »  appropriate  to  the  complex  ions  present 
in  the  stratospheric  gas. 

II  RESULTS 

(i)  The  SIFT  studies  show  that  CH^CN  rapidly  reacts  with  water  cluster- 
ions  via  switching  reactions  of  the  kind: 

H+(H_0)  +  CH  CN  - *  H+(H„0)  ,CH0CN  +  Ho0 

2  n  3  '  z  n  - 1  3  2 

and  generates  other  ions  of  the  type  H+(H00)  (CH..CN)  via  further 

2  n  3  rn 

sequential  switching  reactions.  An  interesting  and  important  observation 

from  these  studies  is  that  total  replacement  of  H20  in  the  ubiquitous  mass 

73  amu  atmospheric  ion  H  (H„0)d  does  not  take  place,  the  ion 
+ 

H  (H20)(CH3CN)3  being  a  very  stable,  unreactive  ion.  We  were  therefore 
able  to  study  the  mutual  neutralization  of  the  stratospheric  positive  ions 
H  (H^O)^  and  H  (H20)(CH3CN)3  with  several  stratospheric  negative  ions  in 
the  FALP  apparatus.  The  detailed  table  of  data  is  given  in  Paper  1. 

(ii)  The  collision-enhanced  ionic  recombination  coefficients,  »  *,  for 
both  NO+/NC>2  and  SF3+/SF^  increase  approximately  exponentially  with 
pressure  of  the  helium  carrier  gas,  the  latter  reaction  showing  the  greater 
increase  (Fig.  2,  Paper  2).  We  have  suggested  that  this  is  due  to  the 
smaller  mean  free  path  of  the  heavier  ions  in  the  helium  and  on  the  basis 
of  this  premise  we  further  suggest  that  will  increase  rapidly  in  the 
atmospheric  gas  (N  ),  in  accordance  with  the  higher  pressure  ternary  ionic 
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recombination  data  of  Mahan  and  Person  (see  references  in  Paper  2). 
Thus,  on  the  basis  of  these  deductions,  we  have  suggested  the  appropriate 
values  of  a ^  to  be  used  in  stratospheric  de-ionization  rate  calculations. 

Ill  CONCLA1SIONS 


The  results  obtained  from  part  (i)  of  the  programme  are  significant 

in  two  respects.  Firstly,  the  SIFT  data  strongly  suggests  that  CH  CN  is 

+ 

a  viable  candidate  for  species  X  in  the  stratospheric  ion  series  H  (H90)n. 
and  so  it  seems  very  probable  that  the  major  stratospheric  positive  ions 
are  of  the  type  II^H^O)  and  (CH^CNJ^,  although  final  confirmation 

of  this  is  required  (an  important  requirement  is  to  identify  an  adequate 
source  of  CH  CN  in  the  stratosphere).  Secondly,  the  measured  binary 

O 

recombination  coefficients,  a0,  for  several  reactions  involving  stratospheric 

« g  3  . 1 

positive  and  negative  ions,  indicate  that  5 (5-6)  x  10  cm  s  these 
values  being  insignificantly  different  from  the  no  values  relating  to 
mesospheric  ions,  a  satisfying  result  from  the  standpoint  of  atmospheric 
de -ionization  rate  calculations.  A  profitable  extension  of  the  work  would 
be  to  measure  a for  more  highly  clustered  ions  at  mesospheric  and 
st ratospheric  temperatures. 

The  major  conclusion  to  be  drawn  from  part  (ii)  of  the  programme  is 

that  a  faster-than -previously  expected  increase  occurs  in  the  collisional- 

enhanced  ionic  recombination  coefficient,  at  altitudes  below  45  kms 

in  the  stratosphere.  At  4  0  kms,  a  .*  ^  2a, y  On  the  basis  of  previous 

high  pressure  data  extrapolated  to  low  pressures,  we  had  previously 

estimated  that  was  approximately  2 a<^  at  a  significantly  lower  altitude 

(e*>30  km).  At  about  35  km  where  several  recent  balloon-borne  in  situ 

experiments  have  been  carried  out,  the  effective  binary  ionic  recombination 

-  7  3-1 

rate  coefficient  is  now  estimated  to  be  «v^2  x  10  cm  s  ,  almost  a  factor 
of  two  larger  than  our  previous  estimates  had  indicated. 
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Clearly,  further  measurements  of  a ^  are  required,  including 

temperature  dependence  studies.  Theory  predicts  that  a„  varies  as 
JL  * 

T  z  (our  experiments  confirm  this  for  2  reactions)  and  that  the  high 

-  2  5  -3 

pressure  ternary  recombination  varies  as  T  *  or  T  .  A  study  of  the 
temperature  dependence  of  a ^  in  the  intermediate  pressure  regime  could 
be  very  instructive  from  both  a  stratospheric  and  a  fundamental  viewpoint. 
It  is  also  important  to  study  a ^  for  reactions  occurring  in  different 
buffer  gases,  nitrogen  being  of  obvious  interest  since  we  have  suggested 
that  a 2*  will  increase  rapidly  with  N,^  pressure.  These  studies  will  form 
a  significant  part  of  our  research  effort  in  the  coming  year  when  our  new 
temperature  variable  FALP  apparatus  will  be  fully  operational. 
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Short  Title:  Ion-Ion  and  Ion-Neutral  Reactions  in  the  Stratosphere 
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Abstract 


Following  the  recent  mass  spectrometric  observations  of  the 
ambient  stratospheric  positive  and  negative  ions, we  have  carried  out 
co-ordinated  laboratory  experiments  using  a  selected  ion  flow  tube 
apparatus  and  a  flowing  afterglow  apparatus  for  the  following  purposes. 

(i)  To  consider  whether  CH^CN  is  a  viable  candidate  molecule  for  the 
species  X  in  the  observed  stratospheric  ion  series  H^Cl^CO^CX)^  and 

(ii)  to  determine  the  binary  mutual  neutralization  rate  coefficients, 

°(  . ,  for  the  reactions  of  H+(H-0),  and  H+(H_0)(CH,CN)_,  with  several 

1  d  5  j> 

of  the  negative  ion  species  observed  in  the  stratosphere.  We  conclude 
from  (i)  that  CIL^CN  is  indeed  a  viable  candidate  for  X  and  from  (ii) 
that  the  **  for  stratospheric  ions  are  within  the  limited  range 
(5-6)  x  10  ^crn^S-1 . 
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INTRODUCTION 


The  major  positive  ions  present  in  the  mesosphere  are  known  to  be  the 
cluster  ions  Hj0+(H20)n  -  hydrated  hydronium  ions  (alternatively 
designated  here  H+(H20)n+1  -  proton  hydrates)  as  a  result  of  the 
pioneering  measurements  of  Narcisi  and  his  colleagues  (Narcisi  and 
Bailey,  1965;  Narcisi  and  Roth,  1970),  substantiated  by  the  work  of 
Goldberg  and  Aikin  (1972)  and  Arnold  and  Krankowoky  (1977  a,b).  The 
negative  ions  are  predominantly  the  "simple"  ions  CO^  ,  HCO^  ,  NO^ 
and  their  hydrates,  the  CO^  (H^O)^ ,  NO^  (11^0  and  NO^  (HNO^)^  cluster 
ions  (Krankowsky  et  al.,  1972;  Narcisi  et  al.,  197,+  ).  In  previous 
experiments  in  this  laboratory  the  binary  positive  ion/negative  ion 
mutual  neutralization  rate  coefficients,  (ionic  recombination 

coefficients)  for  many  reactions  involving  these  mesospheric  ions 
have  been  measured  (Smith  and  Church,  1976;  Smith  et  al.,  1976; 

Smith  et  al.,  1978b)  and  the  most  appropriate  values  of  for 

atmosphere  de-ionization  rate  calculations  have  been  suggested 
(Smith  and  Church,  1977). 

The  higher  ambient  pressures  in  the  stratosphere  present  a  more 

challenging  problem  in  mass  spectrometry  and  so  data  concerning  the 

ionic  content  of  this  region  have  only  recently  been  obtained  and  then 

only  within  the  limited  altitude  range  of  approximately  30-(f01<m  using 

balloon-borne  mass  spectrometers.  Thus  the  data  of  Arnold  and 

Krankowsky  and  their  colleagues  (Arnold  et  al.,  1977,  1978),  of  Olson 

et  al.  (1977)  and  of  Arijs  et  al.  (1978)  indicate  the  presence  of 

the  inevitable  proton  hydrates  H+(H20)n  coexisting  with  another  group 

of  ions  H+(H_0)  X  .  On  the  basis  of  the  earlier  (erroneous)  indication 
c.  no 

of  the  mass  of  X  (=  40  amu)  together  with  thermodynamic  reasoning, 
Ferguson  (1978)  suggested  that  X  was  probably  NaOH.  However,  the 
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most  recent  measurements  show  that  X  has  a  mass  of  41  amu  (Arnold, 

1980 ;  Arijs  et  al.t  1980/81).  A  possible  designation  for  X  is  CH^CN 

(methyl  cyanide  or  acetonitrile \  one  of  the  possibilities  suggested 

by  Arnold  et  al.  (1978)  on  the  basis  of  their  earliest  measurements, 

although  as  yet  no  satisfactory  mechanism  for  the  production  of  CH-jCN 

in  the  stratosphere  has  been  identified.  Data  have  also  been  obtained 

relating  to  the  negative  ion  content  of  the  stratosphere  and  these  indicate 

the  dominance  of  large  cluster  species  of  the  type  NO^'’(HNO^)n, 

H50,  “(HNCX,)  ,  HSO  "(H^SO, )  and  HSO  “(H-SO.)  (HNO,)  (Arnold  and 
4  3  n  4  2  4  n  4  2  4  n  m 

Henschen,  1978;  Arnold  and  Fabian,  1980;  Arijs  et  al.,  1981), 
designations  supported  by  flowing  afterglow  experiments  on  the 
production  and  reactions  of  such  ions,  carried  out  in  the  NQAA 
laboratories  in  Boulder  (Fehsenfeld  et  al.,  1975*  Viggiano  et  al.,  1980). 

Stimulated  by  the  in-situ  observations,  we  describe  in  this  paper 
measurements  of  the  binary  mutual  neutralization  rate  coefficients  for 
several  reactions  involving  some  of  these  stratospheric  positive  and 
negative  ions  using  our  flowing  afterglow/ Langmuir  probe  apparatus. 

In  associated  studies  using  a  selected  ion  flow  tube  (SIFT)  apparatus 
we  have  demonstrated  that  CH^CN  can  rapidly  displace  H^O  from  H+(H  0)fi 
ions  and  thus  CH-,CN  is  a  credible  candidate  for  X  in  the  H+(H_OLX 
stratospheric  ions.  These  data  also  provided  crucial  information 
which  allowed  us  to  satisfactorily  pursue  some  of  the  ionic 
recombination  measurements. 


EXPERIMENTAL 


Details  of  the  flowing  afterglow  /  Langmuir  probe  (FALP)  and  selected 
ion  flow  tube  (SIFT)  experiments  have  been  given  in  previous 
publications  and  so  only  the  essential  features  and  those  details 
specific  to  the  present  series  of  experiments  will  be  referred  to 
here. 

The  SIFT  Experiment 

This  has  been  described  in  detail  in  a  recent  review  (Smith  and  Adams, 
1979) •  In  essence,  it  involves  the  injection  of  a  maos  analysed  beam 
of  ions  into  a  fast  flowing  carrier  gas  (helium  in  these  experiments), 
in  which  the  ions  thermalize  by  collision  as  they  are  convected  down 
a  flow  tube.  Reactant  gases  are  added  to  the  carrier  gas  and  the  reaction 
rate  coefficients  and  product  ion  distributions  are  determined  by 
correlating  the  primary  and  product  ion  signals, observed  by  a  downstream 
mass  spectrometer  detector, with  the  rate  of  addition  of  the  reactant 
gas. 

In  the  present  experiments,  H+(H20)n  ions  (n  =  1  to  4)  were 
generated  in  a  subsidiary  flow  tube  ion  source  (the  details  have  been 
recently  discussed  by  Smith  and  Adams,  1980)  and  injected  into  the 
flowing  carrier  gas  with  low  energies  (<10eV  in  the  laboratory  frame) 
in  order  to  inhibit  their  fragmentation  in  collision  with  the  helium 
atoms.  Controlled  amounts  of  CH^CN  were  introduced  into  the  main  flow 
tube  by  monitoring  the  flow  rate  of  a  prepared  heliun/CH^CN  mixture  of 
known  partial  pressures  of  the  two  components  (JO  torr  of  CH^CN  in 
1000  torr  of  helium).  Thus  reactions  of  the  kind: 

H+(H2°)n  +  CHjCN - ^  H+(H20)n_1(CH_CM)  +  1^0  (1) 
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were  observed  to  occur  and  their  rate  coefficients  were  determined  in 
the  usual  way.  Sequential  reactions  with  CH^CN  were  also  studied. 

The  measurements  were  made  at  temperatures  of  200  and  300  K.  The 
total  absence  of  water  vapour  from  the  main  flow  tube  allowed  the 
study  of  reaction  (l)  without  complications  due  to  its  reverse  reaction 
which  regenerates  the  proton  hydrates.  Such  is  an  important  consideration 
in  the  stratosphere  (see  below). 

The  FALP  Experiment 

Detailed  discussions  of  the  technique  have  been  given  in  previous 
publications  (Smith  and  Church,  1976;  Smith  et  al.,  1978b).  The 
major  requirement  is  to  generate  a  positive  ion/negative  ion  flowing 
afterglow  plasma  totally  devoid  of  electrons  and  in  which  ideally  either 
only  one  positive  ion  species  and/or  only  one  negative  ion  species 
exists.  Under  these  conditions,  a  movable  Langmuir  probe  is  e.ble  to 
determine  the  ion  density  in  the  flowing  afterglow  plasma  at  any  point 
on  the  axis  of  the  plasma  column.  'Thus  ionic  recombination  coefficients 
can  be  determined  by  measuring  the  ion  density  gradient  along  the  plasma 
column  and  hence  the  time  rate  of  change  of  ion  density  with  a  knowledge 
of  the  plasma  flow  velocity  (Adams  et  al.,  1975).  The  positive  and 
negative  ions  in  the  plasma  were  identified  using  a  downstream 
quadrupole  mass  spectrometer. 

In  these  experiments  it  in  a  simple  matter  to  establish  H  (HpO);t  as 

the  dominant  ion  in  the  afterglow  by  introducing  controlled  amounts 

of  water  vapour  upstream  or  downstream  of  the  microwave  discharge  which 

generates  the  afterglow  plasma  (see  Smith  et  al.,  1978b  for  further 

details),  from  the  LIFT  studies  described  in  the  next  section,  we 

V 

discovered  that  by  the  addition  of  sufficient  CR^CN  into  the  He/H.,0 
afterglow  the  II ^ (H^O) ^  ions  we re  converted  exclusively  to  the 
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H+(H.,0)(CHjCN).j,  ions,  an  observed  stratospheric  ion  species  (assuming 

X  =  CHjCN).  Both  the  H^O  and  CH^CN  were  introduced  into  the  flow  tube 

by  bubbling  helium  through  the  respective  liquids  and  hence  passing  the 

saturated  helium/ vapour  mixture  into  the  flow  tube.  The  negative  ion 

species  were  generated  by  passing  electron  attaching  gases  at  appropriate 

flow  rates  through  the  microwave  discharge.  Tims,  by  using  NO  ,  the 

ions  NO  ”,  N07“(HN0,).  0  could  be  generated  in  varying  fractions  and  by 
3  ->  5  '  \<- 

using  SO^/H^O  mixtures,  HSO^  ,  IiSO^  (H^O)  and  HSO^  (H^O)  could  be 
generated  in  varying  fractions.  To  generate  the  sulphur  containing 
negative  ions  it  was  also  necessary  to  introduce  the  11^0  upstream 
of  the  discharge.  Cl”  ions  are  readily  generated  as  the  only  negative 
ion  species  in  the  afterglow  by  adding  Cl^  upstream  of  the  microwave 
discharge.  Ionic  recombination  coefficients  were  determined  for  various 
combinations  of  the  types  of  positive  and  negative  ion  species.  All 
measurements  were  made  at  a  temperature  of  about  300  K. 


* 
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RESULTS 


SIFT  Data 


Rate  coefficients,  k,  were  measured  at  200  K  and  300  K  for  the 
switching  reactions: 

H+(H20)n  +  CH  CN - dH+(H20)n^1(CH3CN)  +  H20 

for  n  =  1  to  4.  The  results  obtained  are  presented  in  Table  1  together 
with  the  gas  kinetic  rate  coefficients,  k^^,  calculated  using  the  ADO 
theory  of  Su  and  Bowers  (1975).  The  reactions  proceed  very  rapidly, 
essentially  at  the  gas  kinetic  limiting  rate  within  the  accuracy  of  the 
experimental  data  {-  30%  on  the  measured  rate  coefficients).  The 
significantly  smaller  k  for  the  larger  proton  hydrates  is  in  accordance 
with  the  larger  reduced  mass  of  the  reactants,  whilst  the  very  large 
absolute  values  of  k  and  k^^  are  a  consequence  of  the  large  polarizability 
(be  Fevre,  19^3)  and  dipole  moment  (Nelson  et  al.,  196?)  of  CH,CN. 

Sequential  switching  reactions  of  the  kind 

II+(II20)n  —  H^CN ^ H+  ( H2° > ^ (C1LGN )  ^2^^1+(H20)n_2(CILCN)2  _*  ....  (p) 

v/ere  observed  to  proceed  rapidly.  Thus  II^Gi^O^wao  readily  converted 
to  H+(CII^CN)0.  However  for  the  higher  order  hydrates  H+(II20)^  and 
H  (HpO)^,  complete  replacement  of  the  II_,0  was  not  observed  and  at  both 
temperatures  the  reaction  sequencer,  terminated  with  the  ion  retaining 


one  H^O  molecule: 
C1LCN 


H  (H2o)3  h+(h2o)?(ch3cn)  h+(h2o)(ch3cn)2  (3) 

H+(H20)4  CH3CI1  H*(H20) XcH-.cn) Cli3C1^  H't'(H20)2(CILGN)  ,  CH3°NJ  H+U^OKCH.CH) j-±k) 

Thus  the  terminating  ions  in  these  series  were  H+(H-,0)(CH3CN)2  and 
H  UhjO) (CHjCN)j .  The  ions  and  H+(ClljCN)^  were  not  produced 
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at  significant  rates.  It  is  however  worthy  of  note  that  during  the 
course  of  our  measurements  we  observed  that  the  three-body  association 
reaction: 


H+(CH^CN)  +  CH^CN  +  He - >H+(CH^CN):>  +  He 


(5) 


proceeded  extremely  rapidly  at  200  K,  the  estimated  rate  coefficient 

2  c  ^  /j 

being  about  1  x  10-  ^  cm  s  .  Further  addition  of  Cif.CN  proceeded  only 


very  slowly.  These  observations  are  in  accord  with  the  thermodynamic 
data  of  Meot-Ner  (1978)  which  show  chat  the  bonding  of  the  third 
Ctt^CN  in  the  H+(CH^CN)j  ion  is  relatively  weak.  Our  kinetic  data 


indicate  that  the  H+(Cll_CN)_  -  H.,0  bonding  is  significantly  stronger 

j  P  <- 


than  the  H+(CH5CN)2  -  CH^CN  bonding  and  similarly  the  H^CH^CN^-  1L,0 
bonding  is  stronger  than  that  of  H+(CH^CN)^  -  CH^CN.  However  structural 
differences  in  these  ions  may  critically  influence  their  relative 
stabilities. 


FALP  Data 


Data  were  obtained  for  the  mutual  neutralization  of  two  otratospherically 


observed  positive  ions,  H+(HpO)n  and  II+(H20)(CH,CN)^  (assuming  X  =  CHVCN) 


2V/  _ 

n  c  p  -  -j 

with  several  observed  stratospheric  negative  ions.  The  summarised  binary 

recombination  coefficient  data  (*< . )  are  given  in  Table  2.  The  ^  . 


x  -  1 

were  obtained  from  linear  plots  of  the  reciprocal  positive  ion  density 


as  a  function  of  distance  (and  hence  recombination  time)  along  the  after¬ 
glow  plasma  column.  Both  the  positive  and  negative  ions  present  in  the 
downstream  part  of  the  plasma  were  identified  by  the  quadrupole  maos 
spectrometer  located  there.  Unfortunately  we  were  not  able  to  generate 
plasmas  in  which  only  a  single  stratospheric  negative  ion  species  existed 
with  the  above  positive  ion  species  (see  'fable  2).  However  since  a  single 
positive  ion  species  wan  present,  then  tho  ion  density  in  the  plasma  and 
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the  mean  mass  of  the  negative  ion  species  could  be  obtained  readily 

using  the  Langmuir  probe.  That  the  latter  correlated  with  the  mean 

negative  ion  mass  as  determined  by  the  downstream  mass  spectrometer 

indicates  that  the  fractions  of  the  various  negative  ions  remained 

essentially  invariant  along  the  length  of  the  plasma  column.  The 

data  in  Table  2  show  that  H  .  for  all  of  the  reactions  lie  within  the 

1 

limited  range  (5-6)  x  10  cm's  .  Ouch  is  also  the  case  for  the 
relatively  simple  reaction: 

H+  ( H^O ) ( CILCN ) v  +  Cl  - - ?>  products  (6) 

involving  the  simple  negative  ion  species  Cl”  which  we  have  previously 
shown  also  reacts  at  a  very  similar  rate  with  H+(Ho0)^  (Omith  et  al., 
1978b).  The  relative  invariance  of  ^  with  the  nature  and  complexity 
of  the  reacting  positive  and  negative  molecular  ions  (clustered  or  not) 
is  consistent  with  all  our  previous  data  for  these  binary  neutralization 
x-eactions.  We  have  suggested  reasons  for  this  phenomenon  in  previous 
publications  (Cmitli  and  Church,  1977;  Omith  et  al.,  1978b);  it  is 
sufficient  to  restate  here  that  these  neutralization  processes  are 

extremely  rapid  and  efficient  occurring  with  large  %jan  thermal  cross- 

>  -12  2 

sections  ~  10  cm  .  It  is  worthy  of  note  that  when  both  the  positive 
and  negative  ions  are  atomic  then  the  are  smaller  by  at  least  2  orders 
of  magnitude  (Church  and  Smith,  1978). 

oTKATOCPIIERIC  IMPLICATIONS 

I  he  Clf  I  experiments  show  that  C1I^.CN  rapidly  replaces  H  Q  in  proton 
hydrates  and  therefore  the  presence  of  CH^CN  in  the  stratosphere  would 
result  in  the  formation  of  the  H+(H20)(n(Ci£JCN^  ions  via  the  reaction 
sequences  indicated  by  equations  (5)  and  (4).  Very  significantly,  ions 
with  masses  equivalent  to  the  ions  included  in  these  sequences  have 
been  observed  in  the  stratosphere  (Arnold  et  al.,  1978; 


1  a- 


{ 


Arijs  et  al., 
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1980/81)  excluding  those  equivalent  to  H+(CH^CN)^  and  H+(CH^CN);J 
which  also  are  not  observed  in  our  laboratory  experiments.  Whilst 
these  observations  do  not  constitute  proof  that  X  =  CH^CN,  they  clearly 
indicate  that  CH^CN  is  a  viable  and  likely  candidate  for  X.  Also  no 
CHjCN  containing  ions  which  originate  from  the  lower  order  proton 
hydrates  (H+(Ho0)n,  n  =  1,<?)  are  observed  in  significant  concentrations 
in  the  stratosphere  consistent  with  the  absence  of  these  proton 
hydrate  precursor  ions  from  this  region. 


In  the  stratosphere,  the  higher-order  proton  hydrate  H+(IM3)^ 
is  observed,  together  with  the  substituted  ions  which  are  presumably 
produced  thus: 

CH  CN  CH  CN 

H+(H 20)5 - ^  H+(H20)4(CH3CN) - 5 - ->H+(H20)3(CH3CN)a . . . (7) 


Unfortunately,  by  operating  the  ion  source  at  room  temperature,  we  were 
not  able  to  generate  sufficient  densities  of  H+CiIo0)^_  in  our  flow  tube 
ion  source  (this  must  await  the  completion  of  a  low  temperature  version) 
and  so  were  not  able  to  determine  the  terminating  ion  in  this  sequence  (7). 
If  H2<D  and  CR^CN  (  =  X  ?)  co-exist  in  the  stratosphere  then  the  following 


equilibrium  reactions  need  to  be  considered: 
H+(H20)n+  CHjCN  H+(H20)n1(CH3CN)  +  H?0 


(3) 


r 

The  very  large  rate  coefficient  for  the  forward  reaction,  kft  relative 
to  kr  ensures  that  only  a  small  fraction  of  CILCN  relative  to  H-,0  would 
be  necessary  to  allow  a  significant  concentration  of  the  mixed  cluster 
ions  to  exist  in  the  stratosphere.  The  fraction  of  CH-jCN/I^O  required 
to  generate  the  observed  equilibrium  concentrations  of  the  various  ionic 
species  is,  of  course,  dependent  on  the  equilibrium  constants  lor  the 
various  reactions.  Since  we  have  shown  that  the  k^'s  are  gas  kinetic 
and  escentially  temperature  independent  then  we  only  require  the 


I  '• 


appropriate  k  *s  at  stratospheric  temperatures.  To  date  we  have  been 
able  to  obtain  experimentally  an  upper  limit  to  the  rate  coefficient 
for  the  endoergic  reaction: 

H+(H20)(CH3CN)3  +  H20 - — i.  H+(H20)2(CH3CN)2  +  CH^CN  (9) 

-12  3  -1 

This  is  ~  10  cm  s  at  300K  and  will  presumably  be  lower  at  the  lower 
temperatures  of  the  stratosphere.  Thus,  if  we  can  assume  that  a  typical 

-4  + 

k  ~  10  k*  then,  for  concentrations  of  H  (H_.0)  X  of  about  10% 
r  i  2  n  m 

of  the  concentrations  of  the  H+(Ho0)n  ions,  the  CH^CN  concentration 

zl  -3 

would  only  need  to  be  —  10  of  the  H.,0  concentration.  Tliis  is 

C. 

—  11 

equivalent  to  a  stratospheric  mixinr  ratio  for  CH..CN  of  ~  10 

2 

assuming  a  mixing  ratio  for  H.;0  of  ~  10  At  ~  35  Km  altitude  where 
most  of  the  in-citu  data  have  been  obtained,  then  the  required 
concentration  of  CH  CN  (  =  X)  is  £  10^  molecules  cm“^.  Whilst  this  is 
a  relatively  small  concentration,  no  adequate  sources  of  CH  CN  in  the 
stratosphere  have  yet  been  identified.  However  our  previous  GIFT 
studies  of  ion-molecule  reactions  of  stratospheric  interest  (Gmith 
et  al. ,  1978a)  liave  indicated  that  possible  sources  of  C-N  bonded 
compounds are  the  reactions  of  the  N  and  ion  with  hydrocarbons 
(e.g.  CH^)  although  such  sources  have  to  be  justified  quantitatively. 

More  likely  sources  of  cyanides  are  neutral-neutral  reactions  between 
nitrogen  atoms  and  carbon  bearing  molecules. 

The  present  recombination  coefficient  data  (Table  ?)  together  with 
the  substantial  amount  of  previous  data  for  other  reactant  molecular 
ions  indicate  clearly  that  the  ^  are  relatively  independent  of  the 
nature  of  the  cluster  ions  and  are  therefore  probably  insensitive  to 
the  nature  of  X.  Thus  the  i  for  the  binary  mutual  neutralization  of 
stratosphere-type  positive  and  negative  ions  measured  at  a  temperature 
of  300  K  regardless  of  the  actual  nature  of  X  will  be  within  the  very 

limited  range  of  (9-6)  x  10  ^  cnPs~\  Assuming  a  temperature  dependence 

-:>() 
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-1/2 

of  ~  T  which  we  have  shown  is  valid  for  simpler  positive  ions 
over  an  appropriate  temperature  range  and  which  is  theoretically 
predicted  for  such  reactions  (Olson,  1972),  then  at  the  lowest 
•stratospheric  temperatures  would  only  increase  by  about  from 
the  300  K  values.  Thus  an  appropriate  mean  value  for  .  to  be  used 
in  stratospheric  de-ionization  rate  coefficients  is  (6  -  2)  x  10  cm's  , 
the  uncertainty  including  the  spread  due  to  the  temperature  variations 
within  the  stratosphere  and  errors  in  the  measurement  of  ot'^. 

No  data  are  available  concerning  the  nature  of  the  neutral  products 

of  the  mutual  neutralization  of  cluster  ions  but  it  is  to  be  expected 

for  small  cluster  ions  that  the  cluster  molecules  will  be  returned  to  the 

gas  phase  where  they  can  undergo  further  reaction.  However  it  is  known 

that  the  recombination  energy  of  the  positive  cluster  ions,  E^,  decreases 

and  the  electron  detachment  energy  of  the  negative  cluster  ions,  Ep,  increases 

with  increasing  order  of  clustering.  For  even  larger  cluster  ions,  Ep 

can  be  larger  than  and  so  for  the  interaction  of  two  such  ions,  simple 

electron  transfer  cannot  occur  and  so  a  "coalesced  zwitterion"  (Castleman, 

^979)  might  form.  These  strongly  polarized  "neutral  clusters"  could 

then  act  as  very  efficient  nucleation  sites  and  initiate  the  rapid 

growth  of  aerosols  in  the  stratosphere  (see  the  discussion  by  Arnold, 

1930b).  In  ion-ion  mutual  neutralization  reactions  for  which  ER  >  Ep, 

their  neutralization  could  occur  producing  fragment  neutral  clusters 

bound  only  by  weak  polarization  forces  (e.g.  (FI.,0)  (CH.CN)  )  and  whilst 

c.  n  3  m 

such  species  would  exist  in  low  relative  concentration  and  have  a  short 
lifetime  in  the  stratosphere, they  could  nevertheless  play  a  role  in 
the  stratosphere  ion  chemistry. 


-  12  - 


ACKNOWLEDGEMENTS : 

We  have  benefitted  from  discussions  with  Dr.  E.E.  Ferguson  and 
Dr.  F.  Arnold.  We  are  also  grateful  to  Dr.  F.  Arnold  and  to 
Dr.  E.  Arijs  for  informing  us  of  their  latest  in-situ  data  prior 
to  its  publication.  We  are  grateful  to  the  United  States  Air  Force 
for  providing  us  with  a  grant  (Grant  No.  AFOSR-77-3260)  in  support 
of  this  work. 


-  13  - 


REFERENCES: 

Adams,  N.G.,  Church,  M.J.  and  Smith,  D.  (1975)* 

J.  Phys.  D.  8,  1409 

Arijs,  E.,  Ingels,  J.  and  Nevejans,  D.  (1978). 

Nature  271 ,  642 

Arijs,  E.,  Nevejans,  D.,  Frederick,  P.  and  Ingels,  J.  ( 1 08 1 ) . 

Geophys.  Res.  Letts,  (submitted) 

Arijs,  E.,  Nevejans,  D.  and  Ingels,  J.  (193o/8l). 

Nature  (in  press) 

Arnold,  F.  (1980a). 

(Private  Communication) 

Arnold,  F.  (1980b). 

Nature  284.  610 

Arnold,  F.,  BHhringer,  H.  and  Henschen,  G.  (1978). 

Geophys.  Res.  Letts,  j),  653 

Arnold,  F.  and  Fabian,  R.  (1980). 

Nature  283,  55 

Arnold,  F.  and  Henschen,  G.  (1978). 

Nature  257.  521 

Arnold,  F.  and  Krankowsky,  D.  (1977a). 

In:  Dynamical  and  chemical  coupling.  (Ed.  B.  Grandal  and 
J.A.  Holtet)  pp.  93.  Reidel,  Dordrecht,  Holland. 

Arnold,  F.  and  Krankowsky,  D.  (1977b). 

J.  Atmos.  Terres.  Phys.  ^2,  625 

Arnold,  F.,  Krankowsky,  D.  and  Marien,  K.H.  (1977). 

Nature  267.  30 

Castleman,  A.W.,  Jr.  (1979). 

Nucleation  and  Molecular  Clustering  about  Ions.  In:  Advances 
in  Colloid  and  Interface  Gcience  10,  73-123.  Elsevier,  Amsterdam 


-  14  - 


Church,  M.J.  and  Smith,  D.  (1978). 

J.  Phys.  D.  21,  2199 

Fehsenfeld,  F.C.,  Howard,  C.J.  and  Schmeltekopf ,  A.L.  (1973) • 

J.  Chem.  Phys.  6^,  2835 

Ferguson,  E.E.  (1978). 

Geophys.  lies.  Letts.  5,  1035 

Goldberg,  R.A.  and  Aikin,  A.C.  (1972). 

EOS  Trans.  AGU  23,1077 

Krankowsky,  L). ,  ArnoLd,  F.  and  Wicder,  II.  (1972). 

In:  Magnetosphere  -  ionosphere  interactions.  (Ed.  K.  Folkstari) 
pp.  19-23.  Oslo:  Oslo  University  Press 

Le  ievre,  R.J.W.  (1965). 

Advan.  Phys.  Org.  Chem.  2,  1 

Mackay,  G.I.,  He tow ski ,  L.D.,  Paysant,  J.D.,  Schiff,  H.I.  and  Bo'r.me,  D.K. 
J.  Cliem.  Phys.  So,  2919 

Mcot-Ner,  M.  (1973). 

J.  Am.  Chem.  Soc.  100,  4694 

Narcioi,  R.S.  (1974). 

Ion  and  neutral  composition  measurements  in  the  lower  ionosphere 
In:  Methods  of  measurement  and  results  of  lower  ionospheric 
structure.  (Ed.  K.  Rawer)  pp.  207-213.  Berlin:  Akaaemie-Verlag 

Narcisi,  R.S.  and  Bailey,  A.D.  (1965). 

J.  Geophys.  Res.  70,  3687 

Harcisi,  R.S.  and  Roth,  W.  (1970). 

Adv.  Electron.  Electron  Phys.  22,  79 

Nelson,  R.D.,  hide,  D.R.,  and  Maryott,  A.A.  (1967). 

NSKBS-UBS  No.  10 


(1976). 


-24  - 


15  - 


Olson,  J.B.,  Amme,  R.C.,  Brooks,  J.N.,  llurcray,  D.G.  and  Keller,  G.K.  (197?). 
EOS  Trans.  AGU  ^8,  1201 

Olson,  R.E.  (1972). 

J.Chem.  Phys.  56,  2979 

Smith,  D.  and  Adams,  N.G.  (1979). 

In:  Gas  Phase  Ion  Chemistry  (Ed.  M.T.  Bower:;)  Vol.  1,  pp.1, 
Academic  Press,  New  York 

Smith,  D.  and  Adams,  N.G.  (1980). 

J.  Phys.  D.  13_,  1267 

Smith,  D.,  Adams,  N.G.  and  Church,  M.J.  (1976). 

Planet.  Space  Sci.  24,  697 

Smith,  D.,  Adams,  N.G.  and  Hiller,  T.M.  (1973a). 

J.  Chem.  Phys.  69,  303 
Smith,  D.,  and  Church,  H.J.  (1976). 

Int.  J.  Maos  Spectrom.  Ion  Phys.  12,  186 

Smith,  D.,  and  Church,  M.J.  (1977). 

Planet.  Space  Sci.  29,  433  ^ 

Smith,  D.,  Church,  M.J.  and  Miller,  T.M.  (1978b). 

J.  Chem.  Phys.  68,  1224 

Su,  T.  and  Bowers,  M.T.  (1975)* 

Int.  J.  Mass  Spectrom.  Ion  Phys.  _1£,  811 

Viggiano,  A. A.,  Perry,  R.A.,  Albritton,  D.L.,  Ferguson,  K.K.  and 
Fehoenfeld,  F.C.  (1980). 

J.  Geophys.  Res.  85,  4551 


•2f> 


Table  1 


Rate  coefficients  and  product  ions  for  the  reactions  of  H+(H20)n» 
n  =  1  to  4,  with  CH^CN  at  200  K  and  300  K. 


Rate  Coefficients,  k,  x  10^  (cm^s-^) 


Measured 


Reactant  Ion 

Product  Ion 

at  200  K 

at  300  K 

kAP0 

h+(h2o) 

h+(ch3cn) 

mm 

3-93 

h+(h2o)2 

h+(h2o)(ch5cn) 

1 

3.21 

h+(h2o)3 

h+(h2o)2(ch3on) 

3-5 

3.7 

2.92 

h+(h2o)4 

h+(h2o)3(ch3cn) 

3.2 

3.3 

2.76 

Calculated 


a.  The  rate  coefficients  are  accurate  to  within  i  30%. 

b.  Mack ay  et  al.  (1976)  obtain  k  =  4-7  x  10-^  cm^s-^  for  this  reaction 
at  300  K. 

c.  The  values  were  calculated  for  a  temperature  of  300  K.  The  values 
for  200  K  are  insignificantly  different  (about  1%  larger). 
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Table  2 


Binary  recombination  coefficients  for  the  mutual  neutralization  of  H+(H20) 
and  H^HgOKCHjCN) ^  with  mixtures  of  negative  ion  species  at  300  K. 


Positive  Iona 

Negative  Ions  {%) 

— 

Recombination  Coefficient 

x  10® 

“+ 

ro« 

o 

hso4“  30 

no3-(h2o)  30 

N03"(HN03)  1b 

140  arau  2b 

b .9 

h+(h2°)4 

HS04“  35 

HS03"(H20)  25 

HS02~(H20)  20 

S03"  20 

6.6 

h+(h2o)(ch3cn)3 

O 

M 

1 

V-P 

6.0 

h+(h2o)(ch3gn)3 

N05-  65 

H02"  35 

6.3 

h+(h2o)(gh3cn)3 

N03“(HN03)  60 

NO  ~  40 

4 

5-9 

h+(h2o)(ch3cn)3 

N03“(HN03)  40 

HS04~  30 

1 40  amu  30 

- 

5.9 

h+(h2o)(ch5cn)3 

HS04"  30 

so  "  30 

HS02“(H20)  25 

HS03"(H20)  15 

5.0 

a.  In  each  case  H+(H20)4  or  H+(H20)(CH^CN)^  war,  greater  than  ')'$>  of 
the  pooitive  ion  content  of  the  plar.ma. 
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ABSTRACT: 

Measurements  are  described  of  the  dependence  on  helium 

pressure  (0.5  to  8  Torr)  of  the  neutralization  coefficients, Ot', 

for  the  reactions  (i)  M0  +  +  II0~  +  He  and  (ii)  SF*  +  SFj  +  He. 

35 

oc^  m  observed  to  increase  an  roximately  exponentially  with  pressure 
from  the  zero  pressure  pure  binary  coef  ficient ,  ,  the  rate  of  increas »  of 

0^2  beinf;  greater  for  (ii)  than  for  (i).  A  qualitative  explanation 
is  suppested  in  terms  of  a  mechanism  involving  the  differing  ion  mean 
frei>  :  atm  in  helium.  Tnesc  ideas  are  used,  Ln  combinati  n  with,  the  higher 
pressure  data  of  Mahan  and  l-'erson,  to  obtain  estimates  for^t^  for 

neutralization  reactions  of  heavy  ions  in  nitrogen.  Thus  approximate 

/ 

values  forOC^  for  use  in  stratospheric  de-ionization  rate  calculations  are 
presented. 
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INTRODUCTION 

The  presence  of  electron;:  and  n^e  tiv  ion-;  in  the  mesosph-w  1  c 
plasma  ensure';;  that  charged  particle  neutralization  occur.;  via 
electron-positive  ion  dissociative  recombination  and  negative  ion  - 
positive  ion  mutual  neutralization.  The  latt.-r  is  often  t  -rised  bin  ry 
ionic  recombination  and  is  exemplified  by  tin;  reaction 

N0+  +  NO"  — >  NO  +  N0n  ( 1  ^ 

which,  at  the  low  ambient  pressures  of  the  mesosphere, is  the  only  vino! 
ionic  recombination  process.  Below  about  60krt  nltitmi«  in  the  s  .  to.;:  h  r; 

and  tropospii-'ro ,  electrons  arc  essentially  absent  u’'d  so  (iquor-  •.  • 
aerosol  accretion)  ionic  recombination  is  t!,e  only  neutralization  •  roc  a.s. 
In  the  higher  pressure  lower  altitude  regions,  in  addition  to  (1),  t.ae 
ternary  ionic  recombination  procc.;-  exempli  fied  by: 

H^0+  (H20)^  +  NOj  (HuQ^)^  +  xdp — > neutral  products  +  1.2) 

must  be  considered.  In  (2)  the  neutralization  rate  is  en!:*»RC“d  by  t  •* 
presence  of  tiio  (third  body)  N_,  molecule,  the  •  i';‘i  ciunc.y  of  sue;!  r--uct  on. 
increasing  v/i  th  ti:o  concentration  of  t .  •>.>  third  body.  This  and  ota  r 
aspects  of  atmosphere'  ion  chemistry  have  recently  been  p -viewed  by  Imitn 
and  Adams  (108o). 

The  most  detailed  study  of  binary  ionic  recombination  has  b"  mi  curr1  i 
out  by  Jmith  and  his  colleagues  us  in-:  a  flow  ini;  ft  tylou/b.-u.  mu .  r  i  rob-' 
(FALP)  technique  (dm:  th  .and  Church,  1776;  smith  •  ,1,,  IV, 6,  1  -V). 

The  measurements  were  carried  out  of  yOC.K  in  a  heli  im  ca.-r:  p  ;  i.; 

at  pressures  up  to  about  one  Torr  for  a  variety  of  mass  ident i tied  is  d 

and  clustered,  positive  and  negative  ions.  The  binary  r  curb  n  i  on 
coefficient,  cx,  was  independent  of  the  helium  are.  wc'  unite  .*  ; -  ‘ 

t- 

no  ai  mi  f  Leant  contribution  to  the  neutral  i  ■  t  on  occur  r  my  vi 
t-:-;vu>  .  ii’oc-  ",  ( •  (  ')).  Add  i  '  tor.  '  ,  two  •  r  :  !  a 
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studied  over  a  limited  temperature  range  (Smith  and  Church,  1977)*  and 
0^2  was  observed  to  vary  as  T  2  in  accordance  with  the  theoretical 
prediction  of  the  absorbing  sphere  model  of  Olson  (1972).  An  important, 
feature  of  the  results  of  these  studies  is  the  relatively  small  differences 
in  for  reactions  involving  positive  and  negative  ions  of  widely 

varying  complexities.  On  the  basis  of  their  data  and  of  previous  data 
on  the  ternary  process  from  other  workers,  Smith  and  Church  (1977)  have 
indicated  the  appropriate  values  of  to  be  used  in  atmospheric 
de-ionisation  rate  calculations  and  also  indicated  that  below  about  301™  in 
the  atmosphere,  ternary  ionic  recombination  increasingly  dominates  over 
the  binary  process. 

The  to  nary  process  was  studied  extensively  during  the  first  half  of 
t  ,is  century,  both  experimentally  and  theoretically.  Most  effort  was  dirocte 
towards  the  so-cs1  led  Thomson  regime  (the  intermediate  pressure  range, 

~100  -  1000  Torr)  and  to  the  so-called  Lange vin  -  Harper  regime  (the  high 
pressures  regirne,  above  about  1000  Torr)  More  recent  exp-  rimental  work 
has  extended  the  investigations  to  pressures  as  low  as  a  f ew  tens  of  Torr 
(Mahan  and  i  erson,  196*1;  McGowan,  1967).  The  results  of  these  studies 
have  bet'n  discussed  an  several  reviews  (e.g.  Sayers,  1962;  Flannery, 

1 972,  1976;  Italian*  197’).  The  most  recent  experiments  have  been  carried 
out  by  Sennhauscr  and  Armstrong  (1978,  a,b,)  who  have  determined  ternary 
corf  lie:  ienis  in  h'!!//N.J0  mixture::  within  the  pressure  range  35  -  1200  Torr 
.at  <’(!i’!'.  and  compared  their  results  v/i  tii  their  own  theoretical  model. 

All  this  previous  data  ws  obi;  ined  without  ma:  identification  of  the  ions 
involved  in  the  neutralisation  process,  the  ion  identifications  being  guessed 
at  from  ion-chemical  reasoning.  The  recent  theoretical  work  is  mostly 
due  to  Bates  and  his  colleagues  (Bates  and  Moffett  1966,  Bates  and  Flannery 
1968,  Bales  arid  Mendas  1975*  1978  a,  b)  which  relates  to  the  low  and 
intermediate  pressure  regimes.  The  most  recent  review  of  the  subject 


is  that  given  by  Bates  (1979) 


There  is  now  a  need  to  study  the  very  low  pressure  regime 
(clarified  later)  in  which  the  pure  binary  mutual  neutralization  rate 
is  just  beginning  to  be  enhanced  by  the  onset  of  collicional  effects. 

Such  a  situation  obtains  in  the  middle  stratosphere,  a  region  currently 
being  investigated  using  balloon-borne  instruments  and  in  which  data 
on  ionic  recombination  rate.';  (both  binary  and  ternary )  are  important 
for  de-ionization  rate  calculations  (Arnold  et  al.,  1977,  1978; 

Arnold  1980).  Previously,  estimates  of  effective  recombination  rates 
in  this  very  low  pressure  regime  have  been  obtained  by  extrapolating 
high  pressure  data  ("An  entirely  unacceptable  procedure"  -  Bates  and 
Mendas  (1978b),  as  we  shall  also  see  from  the  present  data  given  in 
the  Results  section). 

To  provide  some  experimental  data  in  this  very  low  pvcc'UV'j  regime, 
we  have  used  our  FALF  technique  to  study  at  yOOK  the  dejH*ndence  on 
helium  pressure  of  the  effective  binary  recombination  coefficients 
for  two  pairs  of  simple  reactant  ions: 

N0+  +  NO-,  +  He  - >  products  (3) 

i- 

SF~  +  SF~  +  He  - >  products  (4) 

3  j 

These  reactions  were  chosen  for  this  initial  study  since  the  ions  could 
be  generated  in  sufficient  concentrations  and  in  the  absence  of 
significant  clustering  of  the  ions  to  other  molecules  at  J>OOY.  even  at 
the  highest  helium  pressures  (^10  torr)  at  which  we  are  able  to  use  the 
FALP  combination.  Ideally,  from  an  atmospheric  viewpoint,  nitro.-en  rather 
than  helium  would  have  been  a  more  appropriate  third  body  (carrier  gas), 
but,  in  attempting  to  use  this,  experimental  difficulties  were  oncount  red 
as  referred  to  below.  Nevertheless,  these  preliminary  data  do  reveal 
a  marked  dependence  of  the  ionic  recombination  coefficient,  on  the  pressure 
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of  the  third  body.  This  har>  direct  relevance  to  stratospheric  de-ionization 
and  has  enabled  us  to  make  somewhat  better  estimates  of  the  most 
appropriate  recombination  coefficients  for  these  regions. 

EXPERIMENTAL 

The  FALP  technique  has  been  discussed  in  detail  previously  (Smith 
et  al.,  1975;  Adams  et  al.,  1975;  Smith  and  Church,  1976)  and  only  the 
salient  features  will  be  mentioned  here.  Ionization  is  created  by 
a  microwave  cavity  discharge  in  the  upstream  region  of  a  fast-flowing 
helium  carrier  gar.  and  a  thermalized  electron  -  positive  ion  afterglow 
plasma  is  g'  negated  downstream  of  the  discharge  and  distribuied  along 
the  length  of  a  flow  tube.  The  addition  of  an  appropriate  amount  of  an 
electron  attaching  gas  either  upstream  or  downstream  of  the  discharge  results 
in  the  generation  of  characteristic  negative  ions  and  positive  ions  in 
the  plasm  and  the  total  r>  moval  of  electrons.  At  suffi ciently  high 
helium  pressures  (-X0.4  torr)  and  positive  ion/n-r-itive  ion  number 
densities  (n  ,  n  )%  the  ion-ion  plasma  becomes  recombi nation  controlled 
and  ionic  r< combination  coefficients  can  then  be  determined  by  measuring 
the  ion  density  gradient  down  the  flow  tube  and  the  plasma  flow  velocity 
(Adam::  et  ul  1975)  using  our  Lnn.'tmuir  probe*  technique.  T:.o  ionic  species 
p- esen:  in  the  afte  glow  plasma  are  determined  using  a  downstream 
quadruaoLc  rsa ss  spectrom  t-  r/detection  system  and  additionally  the  relative 
masse::  of  tr»  positive  and  negative  ions  ( n  /rc  )  can  be  determined  at  any 
» oi nl  in  the  j .la:;!-.:,  usin'-  tew  lull  innir  prow  which  r-  rv<  r.  nr  a  choc':  on 
the  downstream  mass  spec  ror.eter  mas  :  id*‘nt  j  f  ic-*t  ion--.. 

The  two  reactions  chosen  for  study  ((/»)  and  (4))  have  previously 
been  .studied  in  some  detail  at  low  pressures  1  Torr)  where  only  pure 
binary  mutual  neutralization  occurs  (Smith  and  Church,  1976,  1977;  Church 
and  Smith,  1977)  and  the  experimental  details  relating  to  the  gen-ration  of  the 
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particular  ion-ion  plasmas  are  given  in  the  relevant  references.  It 
ie  sufficient  to  cay  that  the  reactant  gases  used  for  these  reactions 
were  NC^  for  (3)  and  SFg  for  (4).  The  maximum  pressure  at  which  we 
could  study  these  reactions  was  about  fc  Torr  as  a  result  of  the  loss 
of  ionisation  density  in  the  downstream  measurement  zone  of  the  flow 
tube  and  inadequate  ion  current  reaching  the  mass  spectrometer 
preventing  positive  identification  of  the  ions  present  in  the  plasma. 

This  was  a  direct  result  of  the  necessity  to  throttle  the  Hoots  pump 
(used  to  flow  the  helium  carrier  gas)  in  order  to  raise  the  helium  pressure 
which  reduced  the  carrier  gas  flow  velocity,  the  amount  of  ioniz.ui.ion 
extracted  from  the  discharge  and  the  density  of  plasma  flowing  into  the 
downstream  measuring  zone.  In  the  study  of  recombination  reactions  of 
stratospheric  significance  it  would  obviously  have  b-en  more  appropriate 
to  use  a  nitrogen  carrier  gas.  However  the  microwave  discharge  in  pure  Up 
is  extremely  noisy  and  unfortunately  prevented  .satisfactory  operation 
of  the  Langmuir  probe  in  the  afterglow  of  this  discharge. 

The  Langmuir  probe  technique  is  described  in  detail  in  the  references 
already  cited,  but  it  is  important  here  to  refer  to  a  potential  problem 
when  they  are  used  at  relatively  high  gas  pressures.  In  our  approach, 
positive  and  negative  ion  number  densities  are  do torn  ned  from  an 
analysis  of  the  current-voltage  characteristics  obtained  in  the  so-called 
orbital -limited-current  regime.  In  this  analysis,  it  is  required  that  no 
collisions  occur  between  trie  ions  and  the  ambient  gas  atoms  or  molecules 
within  the  space  charge  sheath  which  surrounds  the  positively  or  negatively 
biased  probe.  V.Tien  this  and  other  well-defined  criteria  (involving  such 
parameters  as  the  probe  size  and  the  plasma  density  etc.)  are 
satisfied  then  a  plot  of  probe  current  squared  (i  against  probe  potential 
with  respect  to  the  plasma  potential  (V'  should  be  linear  and  n  or  n  can 
b  obtained  directly  from  the  clone  of  the  line.  Such  is  to  be  expected 
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under  the  conditions  of  our  experiments  at  low  helium  pressures  and 
indeed  has  been  observed  to  be  so  in  the  numerous  experiments  we  have 
carried  out  to  determine  binary  ion-ion  recombination  coefficients  (see 
cited  references). 

However,  as  the  pressure  is  raised  ion  collisions  must  eventually 

occur  within  the  space  charge  sheath  and  therefore,  at  the  higher 

pressures  of  the  present  experiments,  one  has  to  be  cognisant  of  potential 

problems  involving  such  collisions.  Such  have  been  investigated  both 

theoretical 1 y  and  experimentally  by  Schulz  and  Brown  (1955)  whose  data 

2 

show  obvious  and  predictable  departures  from  the  linearity  in  trie  i 

versus  V  plots  when  collisions  occur  in  the  space  charge  sheath.  Thus 

we  have  used  the  lineal-ity  of  the  i‘  versus  V  plots  in  our  exp  riments 
as  indicators  of  tin?  nose  nee  of  sign*  1‘icant  sheath/coj  Unions  problems. 

Such  problems  would  result  in  upeurving  of  the  plots  (not  observed)  and 

erroneously  high  ion  densities.  The  latter  would  then  result  in  an 

downcurving  of  tie  reciprocal  ensity  versus  time  lots  from  which  the 

reconciliation  coefficients,  art?  deduced.  The  rcci,rocal  density  plots  obtained 

for  the  HO  -f  HO.  reaction  arc  given  in  Fig.  1.  The  linearity  of  these 
( 

curves  is  taken  as  additional  evidence  for  the  validity  of  the  probe 
fechni pue.  The  considerable  amount  of  work  done  in  relation  to  the 
operation  of  I.angnuLr  probes  und  r  various  conditions  of  charged  particle 
density,  gas  pressure  etc.  is  summarized  in  the  book  by  Swift  and 
bctiwar  (T  >',*>). 

RivH'id’s 

/ 

Th>-  effective  binary  recombination  coefficients,  ,  for  reaction 
(5)  wrr‘-  obtained  from  the  slopes  of  the  curves  given  in  Fig.  1. 

/ 

Similar  data  wre  obtained  for  reaction  (h )  and  the  values  of  ^ 
obtained  at  tin-  several  pressures  at  for  both  reactions  .arc  gj  ven 

k.h- 
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in  Table  1  together  with  our  previously  published  data  for  the  pure 
binary  coefficients,  ^ .  These  data  are  presented  graphically  in  Fig.  2 
where  it  is  apparent  that  in  both  reactions  °C  is  sensibly  independent 

C. 

of  pressure  below  Torr  i.e.  ( <  1  Torr)  ^  the  Pure  binary 

rate.  Note  the  excellent  agreement  of  with  the  previously  published  v.ol 

corroborati  ng  t)ie  previous  result.  that  °i.  ,  for  reaction  ( ')  is  significant! 

/ 

larger  than  that  for  reaction  (4).  however,  above  ^1  T  rr ,  °i,,  for 
both  reactions  clearly  increases  with  increasing  pressure,  the  increase 
being  significantly  greater  for  reaction  (4)  than  for  reaction  (v). 

Clearly  within  this  low  pressure  range  od'  does  not  vary  linearly  with 
pressure  as  predicted  by  the  Thomson  ternary  mechanism  which  has  been  shown 
to  be  valid  experimentally  at  high  pressures  (t'.'ihan  and  Person,  1r?64, 

hereafter  turned  KP).  Kuth.r,  \  he  form  of  both  t-si-  -  curves  g  i  v<  n  in  Fig. 

/ 

2  can  be  described  as  an  exponentially  increar; n  -  OC.  with  he!  ium 

c' 

pressure,  vir,: 

o^_  =  Od?  exp  (Cp)  ( 1 ) 


where  °d^  is  the  low  pressure  limiting  value,  previously  described  as 
the  pressure  invariant,  pure-  binary  value.  Thus  for  reactions  O)  ar.d 
(4)  respectively  we  have  that  at  JOCK  in  the  pressure  range  0-7  Torr: 


°d?  =  6(-8)  exp  /^_7 

5  -1 
cm 

(4) 

o(.?  =  4  (-8)  exp  l~-y7 

-1 

cm' s 

(V) 

where 

the  exponents  have  units  of 

Torr  -1. 

Tlie  nose  rapid  rise 

of 

< 

for  reaction  (4)  relative  to 

r<  act  i  on 

(  •".)  is  now  seen  as  a 

1  or  r 

exponent  in  (7)  than  in  (6),  these  being  in  the  approximate  ratio  of 
1*8:  1.  Significantly,  this  is  close  to  the  inverse  ratio  of  the  mean 
free  path  of  the  heavier  ions  (SF^,  sf")  relative  to  the  lighter  ions 
(N0+,  NO.,)  in  helium  us  calculated  from  the  r.ero  field  mobilities,  in 
helium  (McDaniel  and  Mason  1‘! 7 4,  Smith  and  Church,  1li7o)  using  the 
Langevin  expres.sion  (Loeb,  19V>).  The  mean  free  laths,  are  indicators 

-.if)- 


of  the  degree  of  collisional  coupling  between  the  accelerated  ion;;  and 
the  helium  atoms.  A  similar  correlation  has  been  observed  by  Mahan 
and  Person  (1964)  between  the  mean  free  path  of  N0+,  NO^  ions  in  various 
gases  and  the  ternary  recombination  coefficients  of  these  ions  in  the 
higher  pressure  (Thomson)  regime. 

Equation  (9)  cm  now  perhaps  be  re-written  as 

=  <X2  exp  (3) 

where  X  is  the  mean  free  path  of  the  ions  in  the  heliur.  What  then  is  the 
mechanism  operating  in  this  low  pressure  region  which  causes  the 
variation  with  pressure  to  differ  from  that  in  the  Thomson  regime? 

We  can  only  off'  r  a  qualitative  explanation  to  this  in  which  we  envisage 
that  collisions  of  the  ions  occur  with  the  helium  atoms  at  large  distances 
of  separation  of  the  positive  and  negative  ions,  R,  before  they  have  gained 
a- preciable  kinetic  energy  via  acceleration  in  their  mutual  Coulonbic  field 
i.e.  when  kT  e^/R.  Under  these  circumstances,  the  ions  will  effectively 
be  "cooled"  below  the  "temperature"  they  would  otherwise  possess  in  the 
absence  of  collisions  and  a  corresponding  increase  in  the  mutual 
n< air- liaation  rate  will  occur  (as  is  referred  to  in  the  Introduction). 

Thus  ;;o  v.i e\:  the  process  as  "collisionnlly-cnhanced  mutual  neutralization" 
wh'-roby  the  collisions  i:t  large  separation  distances  do  not  result  in 
Ira. ping  of  tin;  ions  followed  by  inevitable  neutralization  (as  envisaged  in 
the  Thomson  mechanism)  but  rather  the  modi  fiction  of  the  factors  which 
influence  the  mutual  neutralization  rate  (e.g.  expansion  of  the  "absorbing 
sphere".  See  the  review  by  Moseley  et  al  1975)*  This  is  very  like  the 
process  which  Bates  and  Mendas  ( 197ob)  suggest  and  formulate  for  very  low 
gar.  densities. 

W.-  also  do  not.  have  n  convincin':  explanation  for  the  apparent 

/ 

exponential  i  iicrease  of  O^.,  with  pressure  more  than  to  suggest  that  it.  is 
reminiscent  of  the  loss  of  energy  of  particles  traversing  a  resistive 
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medium  (an  exponential  fall  in  temperature  of  th'  ions  in  the  very  weak 

part  of  the  Coulombic  field?).  Clearly,  the  exponential  increase  of 

/ 

ot.  2  cannot  be  maintained  up  to  p res:  urea  much  greater  than  the  maximum 
available  in  our  experiment.  The  1-IP  data  for  t)0+  +  N0“  in  helium  at 
higher  pressures  conforms  with  the  Thomson  mechanism  ((oc'-Qi.) ~  p) 
and  so  our  lower  pressure  data  must  merge  with  these  (to  within  any 
normalization  errors)  ns  we  have  indicated  in  Kip.  3.  The  IIP  uata 
in  helium  indicated  by  the  dashed  line  is  a  linear  extrapolation  of 

the  KF  data  from  pressures  greater  than  %'  Torn  an!  is  .subject  to  aj.precia: 
variation  due  to  the  large  extrapolation.  This  figure  also  forcibly  indie 
as  recognised  previously,  the  dangers  in  extrapolating  higher  pressure  dat 
in  order  to  obtain  binary  recombinst  on  coefficients.  It  also  refutes 
the  concept  of  a  pressure  independent  t  rnary  ionic  recombination 
coefficient  (since  0  is  not  linearly  dependent  on  press. -re  a:  is 
recognised  inplicity  in  theoretical  models  (e.f.  ?•*  U  r.  «-.• ; .<  1  l.endas,  197^)) 
which  we  have  been  forced  to  use  previously  in  ataosph  ri c  modelling 
(Smith  and  Church,  1977). 


A  final  point  to  note  before  discussing  the  stratospheric  implication 
of  the  present  data  is  that  any  hidden  complication.-  due.'  to  op-  rating 
the  Langmuir  probes  at  high  pressures  (sheath  collisions  etc.  discussed 
in  the  Experimental  section)  would  finally  result  in  the  anomolous 
reduction  of  °C_.,  so  the  increase  in  o£-,  with  increasing  pressure  is 

t-  d 

indeed  a  real  enhancement  of  the  recombination  coc f ficiorcts. 


STRATOSPilE  '.1C  It’d  LIC/.TI  OHS 


A  rapid  rise  in  OC ^  in  the  very  low  pro  sure  regime  indicated  by 
the  present  data  could  not  have  been  accounted  for  in  p  eviour.  u 


of  atmospheric  de-ionization  rates.  The  rate  of  increase  of  oL 
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depends  on  th-  nature  of  the  interacting  ions  and  we  have  su  ;  "ested  that  an 

important  parameter  is  the  mean  free  path  of  the  ions  in  the  ambient  gas 

(relation  (b)).  In  the  stratospheric  the  positive  and  negative  ions  are 

known  to  he  large  clustered  species  e.g.  H,04(H.,0)  and  N0~  (HUO,) 

p  d  n  _>  5  m 

(Arnold  et  al . ,  10 77,  197&;  Arnold  anti  Fabian,  19&0;  Ari.is  et  al. ,  197o, 

10 aO ,  lyfcl)  and  of  course  the  ambient  gas  is  largely  N^.  Therefore  wo 

/ 

need  to  estimate  o{  ^  for  tliis  combination  of  ion  types  recombining 

in  Mp.  The  HP  data  indicates  clearly  that  1)^  is  much  more  effective  in  the 

promotion  of  ternary  recombinat ion  than  helium  (so-  Fig  3)  which  is  quite 

consistent  with  the  idea  that  \  is  a  prime  indicator  of  the  catalytic  efect 

of  ambient  gas  in  ternary  recombination.  The  X  Yaluos  .arc  again  calculated 

from  the  zero  field  nobilities  using  the  Langmuir  exp-ession  (Loeb,  1953)* 

Ionic  mobilities  in  I!,  for  sinple  and  dust  red  ions  are  typically 

some  s-'ven  times  smaller  ti;nn  in  helium,  do  not  vary  g;—  Lly  ’..'ith  ionic 

mass  have  dually  been  measured  for  several  clustered  positive  Ions 

(Dotan  et  al.,  197b).  Using  the  Langmuir  express  on.Vv  for  t  use  .ions 

in  is  seen  to  be  about  throe  times  smaller  than  in  He.  Therefore 

wo  expect  that  Of  ,t  \;i H  increase  with  pressure  even  more  rapidly 

for  dust  r  ions  in  than  for  the  SFv/SFr  ions  in  helium.  We  assume  (see 

Ki  •')  that  ,  for  this  system  will  merge  with  the  Hi  data 

< 

obtained  for  (ostensibly)  i:04/U0o  in  P-,  at  higher  pressures  (it  is 
highly  probable  that  the  ions  present  in  the  HP  experiments  at  the 

high  r  p  -ensures  w.-'-e  indeed  cluster  ions  unless  the  gases  used  were 

/ 

extra  :  olv  mi  <•).  bo  wo  have  constructed  the  1  ow  pv.;  ur"  oC  ,  curve 
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Also  in  Fir.  3  wc  have  include!  the-  MI'  data  in  K.,  adjusted  to 
stratospheric  temper;  tures  (lig  Standard  Atmosphere,  %  adopting 

a  T  ^  temperature  d>  jiendence  for  the  three  body  rate  coefficient 

_p  C  _7, 

(a  compromise  between  the  T  *'  and  T  '  theoretical  valuer,  and 

_4 

the  T  experimental  value  of  Fisk  et  al.,  19&7),  and  merged  it 
v/ith  our  low  pressure  curve  adjusted  only  as  T_‘;  (as  uning  that 
in  this  region  the  process  is  largely  "collision:.!  ly  enhanced 
binary  recombination"  as  discussed  above).  The  ra,id  increase 
in  Ot.  at  low  nressure  is  similar  in  form  to  tie  theor.itic.--l  curves 

C. 

predicted  by  Bates  and  Hcndas  (19?ob)  for  molecular  positive  and  negative  ion. 
recombining  in  oxygen,  when  a  finit>  value  of  is  used  in  tie- 

calculations.  Also  it  is  int<  resting  to  note  that  when  they  apply 
thin  theoret  ical  model  to  the  hirh  oxy  -<;i.  ;>rer..;n--f  of  1-icGowan  (1967) » 

,  7) 

fair  overall  agreeme  nt  is  obt:  ined  with  nr.  CSC  .  value  of  .9 (-8)  cm  s  , 


this  being  in  good  agreement  with  our  previous  values  of  ©£  .  ft 


or  man.' 


simple  and  clustered  ions  obtained  using  tue  F.Lhi  t--c'miiu<-  (s-  e.~. 

Smith  et  al.,  1978) 

>«» •  lr  vo  included  an  altitude  scale  in  Fi  3  so  that  our  b-  st 
estimate  of  OC  n  at  any  point  in  the  stratosphere  can  readily  be 
obtained.  The  curve  indicates  that  ^  rises  ra. idly  o-  Low  an 
altitude  of  about  at  which  OC  ^  °C  , ,  i.e.  pure  binary  ionic 

C-  ( 

rccombiri:  tion,  until  about  ifOkns,  ^  ^  2°^  i.e.  the  effective 

f‘-  f. 

ionic  recombination  coefficient  is  approximately  twice  the  typical 
pure  binary  coefficient.  At  an  altitude  of  about  3'3kms  at  which 
several  recent  balloon-borne  observ  tions  of  stratospheric  ions  have 
been  carried  out  (Arnold  ct  al.,  1977*  1.75;  Arno’d  and  Fabian,  1980; 
Arijs  ct  al.,  1975,  1980,  1981),  has  readied  (-7)  cm^s  \ 

L- 

./ 

At  lower  altitudes,  ^  increases  less  rapidly  with  pressure  as. 
described  by  tiie  higher  pressure  HP  data'  adjusted  to  account  for  the 
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uv  prate  I'i.I  to  the  hi  i  '  d  £t  .-•Iff:  Air  Force  for’  providin''  uc 
\:  ■  tb  a  /-rant  ((Jr.-nt  No.  AFONN-VV- 0)  in  partial  r.u;  .ort  of  thir.  work 
.-•in!  to  i  rofer.r.or  A. I.  WiHroore  for  l!  it?  provision  of  laboratory  faci  litioc. 
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Blot:;  of  reciprocal  positive  ion  density,  n+  ,  versus  afterglow 
time  in  NC^/NO^  afterclow  plasmas  at  the  several  pressures 
(in  Torn)  indicated  at  Values  of  ^  for  the  NO4  +  NOp 

reaction  a re  obtained  from  the  best  fit  lines  throuph  the  points 
and  are  fiven  in  Table  1  and  Fif.  2. 

Value  of  as  a  function  of  helium  pressure  at  300K  for 

the  two  reactions  indicated.  Also  indicated  are  the  values 
previously  obtained  at  low  pressures  by  the  authors  indie. ted 
also  Table  1).  The  solid  curves  arc  describe*;  by  the 
expon-  filial  ia-let  ion:'  for  ^  fiven  .iff  t  <•  text. 

T  ,•  data  for  Of.,  from  Table  1  plotted  on  a  compressed  /  reran. -e 

C. 

if  so  nr.  to  include  the  hippier  pressure  HP  data  ostensibly 


in'  *.  o  i.e  I'-actlons  of  i;04  4  HO,  in  bot.-i  helium  an:;  nitre" 
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TABLE  1 


Reaction 

He  Pressure 
(Torr) 

•  Q 

a  2  x  10 
(cm^  s"1) 

N0+  +  NO  “ 

0.5 

6.5  * 

0.7 

6.4  * 

0.54 

6.7 

1.1 

7-3 

2.2 

7-9 

4.2 

9-6 

7.6 

14-7 

SF-.+  +  SF  " 

0.7 

4.0  / 

3  3 

0.6 

4-1 

2.1 

4.0 

4.1 

7.5 

8.1 

19-4 

*  Smith  and  Church,  1976. 
/  Church  and  Smith,  1977 • 


-4!>- 


urn  Pressure  (Torr) 
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